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ABSTRACT 



Diffraction radiation is that electromagnetic energy 
which is caused by a relativistic charged particle passing 
through an aperture in an opaque material. Ter-Mikaelian 
solved for the diffraction radiation from a point charge. 
This paper discusses the phenomena resulting from finite, 
relativistic charge bunches. 

Using the Huygens-Fresnel principle, diffraction 
patterns from spherical and cylindrical charge distributions 
are found and plotted. For charge bunch sizes less than the 
radiation wavelength, the results are almost identical to 
those for point charges. 

The radiation pattern is composed of two regions. The 
"transition region" is characterized by a strong peak at 
0 = y” 1 , the Lorentz factor. The "diffraction region" 
consists of a series of peaks and nulls in field strength 
typical of the standard plane wave diffraction pattern. 
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INTRODUCTION 



I . 



A. BACKGROUND 

Diffraction radiation occurs when a relativistic charged 
particle passes through a hole in a conducive or dielectric 
material. This phenomenon is very well understood for single, 
infinitesimal charges. Ter-Mikaelian computed the diffraction 
radiation for a single, relativistic electron. [Ref. 1] Less 
understood are the effects of charge bunching. Presumably, 
bunch sizes on the order of the radiation wavelength will 
significantly affect the diffraction radiation intensity by 
destructive interference. This paper discusses diffraction 
radiation from charge bunches with radii greater than zero but 
less than the radiation wavelength. Diffraction radiation 
will be computed for spherical and cylindrical bunch shapes. 

In addition, the effects of bunch size, beam energy, and 
aperture radius will be explored. 

When electrons are travelling at relativistic velocities, 
they can be treated as "pseudo-photons." A method very simi- 
lar to that used in physical optics based on the Huygens 
principle is then used to find the diffraction radiation pat- 
tern. [Ref. l:p. 376] Panofsky and Phillips describe the 
"virtual photon concept" in Reference 2. 
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B. THE VIRTUAL PHOTON 



The electric field from a "fast electron" approaches 
that of a plane wave as the electron's velocity approaches 
c, the speed of light in a vacuum. Representations of the 
E-fields of electrons at various velocities are shown below: 



For a uniformly moving electron, one can solve the 
Lienard-Wiechert potentials to find the field as viewed by 
a stationary observer. One finds the component of the elec- 
tric field perpendicular to the electron's motion is very much 
greater than the parallel component and is given by 




f 

m 



v - 0 V < c V - C 




l 



eb 



4tts 



Y ,,2 ^ , . >2,3/2 

o (b + ( vty ) ) 



where : 



e 



the electron charge; 



b = the perpendicular distance from the 
electron's path; 



Y 



/ 2 -1 

the Lorentz factor = ( vl -8 ) 



v/c . 
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One can view this field as a sharp pulse of electromagnetic 
energy. The magnitude of this pulse is highly dependent on 
y, which defines the relativistic energy of the electron. 

In addition, the duration of the pulse decreases as the 
electron energy rises. The electric field of an untra- 
relativistic electron will appear very nearly as a delta 
function in the time domain. A representation of this 
electromagnetic pulse is shown below: 




The Fourier transform of E^(t) gives the frequency components 
of this pulse. 
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where : 



r = IZZ 
^ b ' 

Integrating, Panofsky and Phillips found 
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where is the modified Bessel function of the second kind. 

(x) approaches infinity as 1/x near x = 0 and goes to zero 
as e ' for arguments greater than one. Panofsky and Phillips, 
as well as Ter-Mikaelian in his development of diffraction 
radiation, approximated E ^ by equating 
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In his treatment of diffraction radiation from a single 

particle, Ter-Mikaelian assumes that the Fourier components 

of E ^ are spatially limited to a circle of radius b z Ay . 

He states that the particle will radiate at a frequency oo 

only when Ay > r , where r is the characteristic dimension 
1 1 o o 

of the aperture. [Ref. l:p. 377] 

C. DIFFRACTION THEORY BASED ON HUYGENS' PRINCIPLE 

Ter-Mikaelian used Huygens' principle to compute the 
diffraction radiation pattern from a charged particle passing 
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through an opening. He thought of each point in the aperture 
as a source of secondary waves and then integrated over the 
aperture to find the total field at some distant observation 
point. The field at each point within the aperture is 
assumed to be unaffected by the obstruction. In practice, 
edge effects will be apparent for small apertures. 

Huygens Principle states that: 

every point on a primary wavefront serves as the source 
of spherical secondary wavelets such that the primary 
wavefront at some later time is in the envelope of these 
wavelets. Moreover, the wavelets advance with a speed 
and frequency equal to that of the primary wave at each 
point in space. [Ref. 3:pp. 60-61] 

Using this theory, one can describe the propagation of 

a wave past an obstruction or aperture by mathematically 

summing the contributions of each "Huygens wavelet." Fresnel 

expanded upon Huygens' principle by stating: 

every unobstructed point of a wavefront, at a given instant 
in time, serves as a source of spherical secondary wavelets 
(of the same frequency as the primary wave) . The ampli- 
tude of the optical field at any point beyond is the 
superposition of all of these wavelets (considering their 
amplitudes and relative phases). [Ref. 3:p. 330] 

There are some problems in using the Huygens-Fresnel 
principle, most notably the effects of electron oscillators 
at the edge of the aperture. Remember that Ter-Mikaelian 
assumed that the field within the aperture was unaffected by 
the obstruction. Oscillating electron "clouds" at the edge 
of the aperture will produce their own contributions to the 
total electric field within the aperture. The field is then 
made up of a part from the incident electric wave and one from 
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the induced oscillations at the edge of the obstruction. 
However, for apertures larger than the wavelength of the 
incident radiation, Huygens-Fresnel diffraction theory is 
expected to provide quite accurate results. 

D. FRESNEL AND FRAUNHOFER DIFFRACTION 

If the observation plane is located relatively far from 
the aperture, one can ignore the vector aspects of wave 
propagation and use the scalar Huygens-Fresnel principles. 

For each small source at the primary wavefront, the contribu- 
tion to the field at observation point P(X,Y) is given by 

dE (X , Y) = E (x,y) exp i (wt-kr) ds/r 
P ^ 

The exponential term provides the phase information and 
the r term in the denominator takes into account spherical 
spreading. A diagram of the problem is shown below: 
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In the typical diffraction problem encountered in the 
study of physical optics, a plane wave is assumed at the 
aperture, so the electric field across the aperture has no 
spatial variation in amplitude, polarization or phase. When 
dealing with the radiation from charged particles, however, 
one must consider that the field is radial with amplitude 
changing with distance from the charge. In our problem, we 
locate the observation point on the X-axis and deal only 
with the x-component of the field at the aperture. The field 
is symmetric about the Z-axis. 

The total field at P(X,0) is given by the superposition 
of all the Huygens wavelets from all the sources at P(x,y) 
of size ds across the aperture. 

E (X,0) = / E ( x , y ) e *P i! f- k r) ds 

Aperture 

This is a very difficult integral to evaluate in that the 
exponential term has a modulus of 2 ir , making it difficult to 
make an asymptotic approximation. 

The phase factor can be approximated by taking the binomial 
expansion of r and approximating it to the first order. 

9 o 9 999 22 

r = Z + (X-x) + (0-y) = Z + X - 2Xx + x + y 

9 2 2 2 

= (Z + X ) - 2Xx + x + y 

= R 2 (1 — 2Xx/R 2 + (x 2 + y 2 ) /R 2 ) 
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